The intracellular trafficking of connexin 43 (Cx43) hemichannels presents opportunities to regulate cardiomyocyte gap junction coupling. Although it is known that Cx43 hemichannels are transported along microtubules to the plasma membrane, the role of actin in Cx43 forward trafficking is unknown.
G ap junctions permit the direct electric coupling of cardiomyocytes, providing rapid and well-orchestrated propagation of action potentials through the myocardium, which is necessary for each heartbeat. 1 Remodeling of gap junction expression, either through their downregulation or through altered membrane localization, results in pathological electric defects of the myocardium and leads to malignant arrhythmias. 2, 3 Ventricular gap junctions primarily comprise connexin 43 (Cx43), a short-lived protein with a half-life of several hours. 4 The rapid turnover and specific plasma membrane localization of Cx43 at intercalated discs suggest that the channels' intracellular movements are highly regulated. Coordination of these intracellular movements is not well-understood.
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Groups of six de novo Cx43 molecules oligomerize into hemichannels at the trans-Golgi network (TGN). 5 These gap junction hemichannels are packaged into vesicles that, on exiting the TGN, are transported by motor proteins along microtubules to the plasma membrane. 6 Interactions between microtubule plus-end binding proteins and membrane scaffolding proteins can effect specificity in targeting of vesicular cargo to distinct plasma membrane subdomains such as the intercalated discs (for Cx43) and T-tubules (for voltage-gated calcium channels) of cardiomyocytes. 7, 8 In addition, we have found that oxidative stress can affect the microtubule trafficking machinery through displacement of the plus-end binding protein EB1 and subsequent perturbation of Cx43 delivery to the plasma membrane in human and mouse myocardium. 9 This finding highlights the importance of understanding the cytoskeletal trafficking mechanisms of ion channels and how this machinery is affected in disease.
The cellular cytoskeleton comprises microtubules, actin filaments, and intermediate filaments. Of these three components, microtubules and actin are understood to regulate intracellular vesicular transport both through motor protein transport and through regulation of events such as vesicular fusion with the plasma membrane. 10, 11 Actin microfilaments provide the cellular architecture important for maintenance of cell shape but are highly dynamic and essential to enable cell motility, division, and morphogenesis. In muscle cells, such as cardiomyocytes, actin has an additional role in the form of sarcomeric thin filaments. 12 Three isoforms of actin have been described; ␣, ␤, and ␥. The ␣-actin is preferentially incorporated into sarcomeric thin filaments in cardiomyocytes, whereas ␤-actin and ␥-actin are understood to predominate in the F-actin responsible for nonsarcomeric cellular functions. 13 The formation and maintenance of specialized cardiomyocyte plasma membrane subdomains such as intercalated discs, caveolae, and T-tubules are also dependent on F-actin. 14, 15 The role of nonsarcomeric actin filaments in cardiomyocyte vesicular transport from the TGN to the plasma membrane, however, remains poorly defined.
In this study, we explored the role of actin in forward trafficking of Cx43-containing vesicles. We find that Cx43 colocalizes with nonsarcomeric actin structures in cardiomyocytes and filamentous actin structures in nonmyocyte cells. Live-cell imaging studies reveal that Cx43 vesicles surprisingly spend a majority of their time in the cytoplasm associated with actin structures. We then timed forward trafficking of de novo Cx43 hemichannels by utilizing the reversible endoplasmic reticulum (ER)/Golgi transport inhibitor Brefeldin A. Replacing a segment of the second extracellular loop of Cx43 with a hemagglutinin (HA) epitope tag permitted specific antibody-mediated biochemical and immunofluorescence detection of surface channels. Disruption of actin polymerization after release of Brefeldin A block revealed the actin cytoskeleton as necessary for forward trafficking of de novo Cx43 hemichannels to the plasma membrane. Formation of gap junction plaques with endogenous de novo Cx43 was also perturbed in similar experiments using primary cardiomyocytes. Moreover, we used Langendorff-perfused mouse hearts to investigate the effects of ischemic stress on actin-based Cx43 trafficking. Biochemical assays revealed disruption of Cx43/␤-actin complexing during ischemia, and immunofluorescence studies show interference of actin polymerization using latrunculin A was sufficient to reduce Cx43 expression at intercalated discs to comparable levels of that found in ischemic hearts.
Methods
Mice C57BL/6 mice used for primary cardiomyocyte isolation were maintained under sterile barrier conditions. All procedures were reviewed and approved by the University of California Institutional Animal Care and Use Committee. Detailed Methods are provided in the online-only Data Supplement.
Molecular Biology
Human Gja1 for Cx43 expression was cloned using Gateway technology (Invitrogen) as previously described. 9 The LifeAct ENTR clone was constructed using DNA oligos encoding LifeAct (BamHI sense: GATCATGGGCGTGGCCGACCTGATCAA-GAAGTTCGAGAGCATCAGCAAGGAGGAG, XhoI antisense: TCGACTCCTCCTTGCTGATGCTCTCGAACTTCTTGATCAG-GTCGGCCACGCCCAT), which were annealed at 95°C and phosphorylated using T4 PNK (New England Biolabs [NEB]) before ligation into pENTR1a (Invitrogen) using BamHI and XhoI sites. Destination clones expressing Cx43-eGFP and LifeAct-mCherry were generated using the converted vectors pDEST-eGFP-N1 and pDEST-mCherry-N1 as previously described. 8 We targeted the relatively variable region between the two peripheral cysteines at the apex of E2 for tag insertion with a glycine-proline-linked nine residue HA sequence via site-directed mutagenesis, restriction enzyme digestion, and ligation. Two unique restriction sites (XhoI sense primer: GTTTACACTTGCACTC-GAGATCCCTG; AgeI antisense primer: GAACAGTCCACCGGT-TGTGGGCAGG) were mutated into the E2 loop coding region of a human pENTR221-Cx43-stop construct using megaprimer mutagenesis polymerase chain reaction with the Quikchange II kit (Stratagene). As a result of this mutation, the nonconserved lysine at 188 was mutated to a threonine. To insert the HA tag into the modified E2 loop of Cx43, the mutated pENTR221-Cx43*-stop construct was codigested with XhoI and AgeI-HF (NEB). Digested DNA was dephosphorylated using calf intestinal alkaline phosphatase (NEB) and purified using the QIAquick polymerase chain reaction Purification Kit (Qiagen). Sense (TCGAGGCCCGGGCGGCTATCCG-TATGATGTGCCGGATTATGCGGGCGGCGGC) and antisense (CCGGGCCGCCGCCCGCATAATCCGGCACATCATACG-GATAGCCGCCCGGGCC) oligos coding for gly-prohemagluttinin with XhoI and AgeI overhangs (Integrated DNA Technologies) were annealed using touchdown polymerase chain reaction. Annealed oligos were then phosphorylated with T4 polynucleotide kinase (NEB) at 37°C for 30 minutes before inactivation at 65°C for 20 minutes. Annealed phosphorylated HA oligo was ligated into pENTR221-Cx43*-stop using T4 ligase (NEB) according to manufacturer's instructions. The Cx43-E2HA-stop expression clone was generated using Gateway LR cloning (Invitrogen) into the pcDNA3.2-V5/Dest destination vector.
To generate HA-tagged transferrin receptor (TfR), a human TfR entry clone was obtained from the DF/HCC DNA Resource Core (clone ID: HsCD00041847). The N-terminal HA-tagged TfR expression clone was generated via Gateway LR cloning with a gatewayconverted pCAN-HA-Dest plasmid ( , followed by ligation of annealed HA-stop peptide as described (sense primer: GGCCCGTACCCATACGACGTCCCA-GATTACGCGCGTACCGGTTAGTAATGAC, antisense: TCGA-GTCATTACTAACCGGTACGCGCGTAATCTGGGACGTCGTA-TGGGTACG). The R202E mutation was generated in the pENTR221-Cx43-stop clone using the sense (GACTGTTTCCTCTCTGAGCCCACG-GAGAAAACC) and antisense (GGTTTTCTCCGTGGGCTCA-GAGAGGAAACAGTC) primers and the with the Quikchange II kit (Stratagene) according to manufacturer's instructions. Gateway LR cloning was then used with pCAN-HA-Dest to generate the N-terminally tagged expression clone pCAN-HA-Cx43 R202E -stop.
Cell Culture
Primary adult and P3 neonatal mouse cardiomyocytes were isolated and either fixed or maintained in culture as previously described. 8, 9 HaCaT cells were a kind gift from R. Derynck (University of California San Francisco) and were maintained in DMEM supplemented with 10% fetal bovine serum, nonessential amino acids, sodium pyruvate (Invitrogen), and Mycozap (Lonza). Stable overexpression of Cx43 in HaCaT cells was achieved through transduction with pLenti6.3-hCx43-stop as previously described. 9 HeLa cells were obtained from ATCC and maintained as previously described. 16 Immunofluorescence Cells were fixed with 4% paraformaldehyde (Electron Microscopy Services) in phosphate-buffered saline (PBS) for 30 minutes and immunostained for Cx43 (rabbit polyclonal, 1/3000; Sigma) and ␣-actinin (mouse monoclonal, 1/500; Abcam) as previously described. 8, 9 F-actin and cell membranes were identified using phalloidin-AlexaFluor555 and wheat germ agglutinin Alex-aFluor647 (Invitrogen), respectively, according to manufacturer's instructions. ProLong gold-containing DAPI (Invitrogen) was used to mount slides for image acquisition.
Live Cell Imaging
HaCaT cells were plated on glass-bottom dishes (MatTek) and cotransfected with pDEST-Cx43-eGFP-N1 and pDEST-LifeAct-mCherry-N1 using lipofectamine 2000 (Invitrogen) according to manufacturer's instructions. Sixteen hours after transfection, medium was replaced with warm Hanks balanced salts solution (HBSS) containing 10% fetal bovine serum and live-cell spinning-disk confocal microscopy performed at 37°C with acquisitions every 2.5 seconds for 3 minutes as previously described 8, 9 using a Yokogowa CSU-X1 spinning disk confocal unit with 486 and 561 nm laser sources and Coolsnap HQ2 camera controlled by NIS Elements software.
Surface Detection of HA-Tagged Cx43 Hemichannels
Transfected cells were washed twice briefly with HBSS (Invitrogen) and blocked for 5 minutes on ice in HBSS with 5% bovine serum albumin (Sigma). Supernatant was removed and monoclonal mouse anti-HA antibody (Sigma) was added in HBSS at a concentration of 1 g/mL. Cells were incubated for another 5 minutes on ice before three brief washes with HBSS. For surface immunoprecipitations, cells were lysed in RIPA buffer at this point. For immunofluorescence, AlexaFluor555 goat antimouse (Invitrogen) was diluted 1/1000 in HBSS and added to cells. After 5 minutes of incubation on ice, cells were washed five times with HBSS and fixed for 30 minutes in 4% paraformaldehyde. To detect total HA, fixed cells were then permeabilized for 5 minutes with 0.1% Triton-X 100 in PBS and blocked for 1 hour at room temperature with 5% normal goat serum (NGS) in PBS. Cells were then incubated for 1 hour with mouse anti-HA antibody diluted 1/20 000 in 5% NGS in PBS before several PBS washes and incubation for another hour in Alex-aFluor488 goat antimouse (Invitrogen) diluted 1/500 in 5% NGS in PBS. Unbound antibodies were removed with several PBS washes and cells were mounted in ProLong gold-containing DAPI.
Immunoprecipitation of Surface Cx43-E2HA
For surface protein immunoprecipitation, RIPA lysates were sonicated and clarified by centrifugation before protein concentration determination (using the BioRad D C protein assay) and normalization; 1 mg of protein was then nutated for 30 minutes with 20 L Dynabeads ProteinG (Invitrogen) at 4°C. Beads were washed five times with 1 mL RIPA buffer and bound protein was denatured and resolved by SDS-PAGE and Western blot as previously described. 9
Brefeldin A Trafficking Block and Release Assay
Cells were treated with 2.5 g/mL Brefeldin A (Sigma) or DMSO vehicle control for 16 hours. Drugs were removed with three washes of warm PBS, medium was replaced, and cells were incubated for another 2 hours to allow proteins to move into the Golgi apparatus. Latrunculin A (Sigma) was added or not to a final concentration of 2 g/mL and cells were incubated for another 2 hours. Cells were then fixed for immunofluorescence studies or surface-labeled live for HA-tag surface immunoprecipitation or immunofluorescence.
Langendorff-Perfused Mouse Heart Preparation
Hearts from 6-to 8-week-old C57BL/6 mice were cannulated and maintained on a Langendorff perfusion apparatus as previously described. 9 Normal perfusion was maintained for 30 minutes, followed by 15 minutes of perfusion with 1 mol/L latrunculin A (Sigma) or DMSO. Hearts were then either perfused for another 30 minutes for control conditions or perfusion was terminated and hearts were exposed to ischemia for 30 minutes. During no-flow ischemia, the heart was immersed in warm K-H buffer to maintain warmth and moisture. Immediately after Langendorff procedure, hearts were placed in cryovials and snap-frozen in liquid nitrogen for biochemical studies. For cryosectioning, hearts were embedded in OCT (Sakura Finotek) and snap-frozen by immersing in liquid nitrogen-chilled isopentane to snap-freeze before storage at Ϫ80°C.
Coimmunoprecipitation of Cx43/␤-Actin From Primary Adult Mouse Cardiomyocytes and Mouse Heart Tissue
To enrich cytoplasmic Cx43 pools, a low-detergent coimmunoprecipitation lysis buffer was prepared (0.1% Nonidet P-40; Roche; 50 mmol/L Hepes, pH 7.4; 150 mmol/L KCl; 1 mmol/L EDTA; 1 mmol/L EGTA; 1 mmol/L DTT; 1 mmol/L NaF; 0.1 mmol/L Na 3 VO 4 ) supplemented with HALT protease and phosphatase inhibitors (Pierce). Tissue was weighed and homogenized for 10 seconds in lysis buffer and immunoprecipitation was performed as previously described. 9 For pull-downs, 2 g of antibody was used (mouse anti-␤-actin, Sigma; mouse anti-GST as IgG control, SantaCruz). Freshly isolated primary adult mouse cardiomyocytes were plated and maintained in the presence or absence of 1 mol/L latrunculin A for 2 hours before lysis and immunoprecipitation.
Cryosectioning and Immunofluorescence of Mouse Heart Tissue
Cryosections (8 m) were prepared and positioned on poly-L-lysinecoated slides before acetone fixation and air drying. Sections were rehydrated for 10 minutes in PBS, followed by 1 hour of blocking at room temperature with 5% NGS in PBS. After blocking, sections were incubated overnight at 4°C with primary antibodies diluted in 5% NGS; rabbit anti-Cx43 (1:3000; Sigma) and mouse anti-Ncadherin (1:200; BD Biosciences). After several PBS washes, cells were incubated for an additional hour at room temperature with goat secondary antibodies conjugated to Alexa Fluor 488 or 555. Slides were then washed with PBS, briefly washed with dH 2 O, and coverslips were mounted using ProLong gold antifade reagent containing DAPI. Slides were dried overnight and imaged using a Nikon Ti microscope with a ϫ60/1.49 Apo TIRF objective, Yokogowa CSU-X1 spinning disk confocal unit with 486 and 561 nm laser sources, and Coolsnap HQ2 camera controlled by NIS Elements software.
Image Analysis
Colors in Figures are chosen for clarity and may not correlate to the emission spectra of the actual fluorophore used. ImageJ software (NIH) was used for all image analysis. To determine vesicle velocities in live-cell acquisitions (Figures 2 and 3 ), the MTrackJ plugin was used to track individual vesicles. Only vesicles that traversed more than 10 m were tracked. Actin images were thresholded and colocalization of Cx43 track and actin were scored at each point for each vesicle being tracked (nϭ14 cells, 50 vesicles).
To quantify surface HA expression ( Figure 5 ), maximum intensity projections were generated for confocal z-stacks of whole cells. A region of interest was defined by outlining the entire cell and fluorescence intensity within this region of interest measured for total and surface HA images. Background was subtracted and surface HA values were divided by total HA (nϭ10 cells per condition).
For quantification of Cx43 expression at cell-cell borders ( cell border regions. These were then applied to maximum intensity projections of 7.5 m confocal z-stacks of Cx43 signal. Ten 10-m lines were drawn perpendicular to cell-cell borders and the plot profile function in ImageJ was used to quantify Cx43 levels. Finally, a 150ϫ150-pixel square was used to quantify background in a cell-free region of the image for background subtraction (nϭ10 cell pairs for each condition).
Quantification of Cx43 expression at intercalated discs ( Figure 8 ) was based on colocalization with N-cadherin. Using ImageJ software, background was subtracted from N-cadherin images, to which equal thresholds were applied, generating binary masks of intercalated disc regions. Within this mask image, intercalated disc regions had a value of 1 and all remaining pixels had a value of 0. Masks were image-multiplied by corresponding Cx43 images, and fluores- cence intensity was subsequently measured. For each sample, six randomly selected images from three separate hearts were analyzed per condition.
Results

Cx43 Vesicles Colocalize With Actin in Cardiomyocytes
Cx43 vesicles are transported along the microtubule cytoskeleton from the TGN to their destination in the plasma membrane. We were interested in the distribution of nonsarcomeric actin in adult cardiomyocytes and the spatial relationship between actin and Cx43 vesicles. Adult mouse cardiomyocytes were isolated and incubated on glass-bottom chamber slides for 2 hours before fixation and high-resolution imaging. We found regions of Cx43 enrichment, as seen in confocal slices presented in Figure 1A , to be perinuclear, which is their trafficking origin, and at intercalated discs, which is their destination. Also, between the Golgi apparatus and intercalated discs are multiple vesicles of Cx43. These cytoplasmic localizations of Cx43 often colocalized with nonsarcomeric actin structures, visualized as the yellow punctae between blue myofibrils of ␣-actinin in the overlay image of Figure 1A , which is a combination of Cx43 in green and actin in red.
To better-visualize the cellular distribution of cytoplasmic Cx43 vesicles and actin, we generated three-dimensional reconstructions of cardiomyocytes from confocal Z-stacks ( Figure 1B ; full 360-degree view in Supplemental Movie I). These reconstructions confirm that cytoplasmic Cx43 and nonsarcomeric actin colocalize. Visually, it is apparent that these collections are not associated with the sarcolemma (Figure 1B, arrows) . Moreover, using a low-detergent buffer to biochemically enrich nonsarcolemmal Cx43, it was possible to coprecipitate Cx43 with (nonsarcomeric) ␤-actin from isolated adult mouse cardiomyocytes. Complexing of Cx43 and ␤-actin was ablated with 2 hours of treatment with the actin-disrupting drug latrunculin A (Supplemental Figure I) . Given the role of Cx43 as a plasma membrane protein, the actin-based collections of cytoplasmic Cx43 are likely to be in the process of trafficking. Thus, we investigated the role of actin in Cx43 vesicular transport.
Cx43-Containing Vesicles Pause at Actin Filaments En Route to the Plasma Membrane
Live-cell imaging permits exploration of the time course and directionality of Cx43 movement in relation to actin structures. HaCaT cells, which express low levels of endogenous Cx43, were transiently transfected with Cx43-eGFP and LifeAct-mCherry. LifeAct associates with filamentous actin in live cells, with minimal interference of actin dynamics. 17 In these cells, Cx43 and actin were imaged at the same time points, for a total imaging time of 3 minutes and sampling rate of 2.5 seconds. Within each movie, the movements of individual Cx43 vesicles were identified and tracked using the MTrackJ plugin for ImageJ. A representative frame from a movie is shown in Figure 2A . We focused on dynamic vesicles for this study, and only those that traversed at least 10 m during the time course acquired were tracked. Four representative vesicles are tracked in Supplemental Movie II and presented in the still-frame of Figure 2B . From the movies, a consistent pattern emerged that rapid vesicular movements occur when the vesicles are not associated with actin structures. The corollary is also true. Significantly slower Cx43 vesicle velocities occur when the vesicles are coincident with actin fibers, with average velocities of 0.09 m/s in comparison to 0.46 m/s for vesicles away from actin ( Figure 2C ).
Anterograde vesicular transport along cytoskeleton structures is dependent on kinesin transporters for microtubulebased transport and the myosin family for actin-based transport. It previously has been found that connexin transport can occur along microtubules at speeds consistent with kinesin. 6, 7 We arbitrarily grouped particles into three populations based on velocity to examine the distribution of "fast" (Ն0.75 m/s) versus "slow" (Յ0.25 m/s) vesicular transport, with the middle range accounting for transitioning particles (Figure 3) . These values were designated based on previous studies that report, depending on the cell system and cargo, kinesin-based vesicular transport has reported speeds up to 1.8 m/s in vivo, 18 whereas myosin-based transport along actin is much slower, with average travel velocities of 0.2 m/s. 19 Average velocities of each group are presented in Figure 3A , whereas the proportional distribution of each group within the population of 2663 points is plotted in Figure 3B . The striking result of these data are that the majority of particles (81.7%) travel at speeds of 0.25 m/s or slower, with only 2.2% traveling at 0.75 m/s or higher. Speeds lower than 0.25 m/s are more consistent with myosin-based rather than kinesin-based transport. More generally, at any given point in time, the majority of Cx43 vesicles are not undergoing microtube-based transport.
Actin Is Necessary for Transport of Cx43 to the Cell Surface
The dynamically tracked Cx43 vesicles of Figures 2 and 3 were selected for those involved in forward trafficking (membrane delivery) and not retrograde trafficking (internalization). To rigorously test the involvement of actin in forward trafficking, we introduced Brefeldin A, which reversibly blocks ER/Golgi transport of vesicles and, in time, causes accumulation of proteins within the ER. 20, 21 We previously timed forward trafficking of de novo Cx43 hemichannels in HeLa cells using a tetracycline-inducible Cx43-eYFP fusion. 16 Brefeldin A block permits the timed release of endogenous membrane proteins from the ER, isolating forward trafficking for study.
To establish the timing of Cx43 forward trafficking after Brefeldin A block, we developed a Cx43 mutant containing an extracellular epitope tag for reliable surface detection. The variable region between the two peripheral cysteines at the apex of the second extracellular loop of Cx43, E2, was replaced with a glycine-proline-linked nine residue HA sequence via site-directed mutagenesis ( Figure 4A ). To establish that this modified Cx43 protein (Cx43-E2HA) could be detected on the cell surface in HeLa cells, we performed surface protein immunoprecipitation and immunofluores- cence labeling in transiently transfected cells. For surface immunoprecipitation experiments, live cells were incubated with anti-HA antibody before lysis and pull-down ( Figure  4B ). Cx43-E2HA and extracellularly tagged transferrin receptor (TfR-HA, positive control) were detectable by Western blot analysis of HA-immunoprecipitated surface protein, whereas intracellularly HA-tagged variants of TfR (HA-TfR) were not and the trafficking mutant Cx43 (HA-Cx43 R202E ) showed very low signal (Supplemental Figure II) . Similar data were obtained using HaCaT cells ( Figure 4B ). Cx43 R202E is a previously described trafficking mutant 22 that remains trapped in the ER and served as a negative control in these experiments. We chose to tag this Cx43 construct with the HA epitope at the N-terminus to further abrogate forward trafficking and to limit rescue of forward transport by endogenous Cx43. Note that this fusion protein migrates at a higher molecular weight than Cx43-E2HA because it is an addition of the HA epitope to the Cx43 N-terminus rather than a substitution of part of the E2 region. A faint surface band was observed for HA-Cx43 R202E in both cell lines, however, so some trafficking to the cell surface may have occurred, although these bands were relatively faint considering comparable input levels to Cx43-E2HA and IgG background signal. To visualize both extracellular and intracellular HA, live cells were incubated with primary anti-HA antibody, followed by fluorophore-conjugated secondary antibody. Cells were then fixed, permeabilized, and immunofluorescently labeled for intracellular HA before confocal image acquisition. All HA-tagged constructs displayed intracellular HA labeling, but only TfR-HA or Cx43-E2HA was detectable by extracellular HA staining (Supplemental Figure  IA) . Ratiometric analysis of extracellular to intracellular HA signal was significant only for cells expressing TfR-HA or Cx43-E2HA (Supplemental Figure III) .
We used Cx43-E2HA to time forward transport of de novo Cx43 from the ER after Brefeldin A treatment. Transiently transfected HaCaT cells were pretreated for 16 hours with Brefeldin A and surface HA immunoprecipitation was performed at 0, 2, and 4 hours after Brefeldin A washout. No surface Cx43 was detected at 0 or 2 hours, but a strong signal was present by 4 hours after wash (Supplemental Figure IV , top row). From these data, we conclude that de novo Cx43 hemichannels traffic to the plasma membrane within 4 hours of release from Brefeldin A-mediated vesicular transport block. To then test the requirement of actin structures in delivery of Cx43 to the plasma membrane, we introduced an actin polymerization inhibitor, latrunculin A, 2 hours after Brefeldin A washout. By surface immunofluorescence, we found that disruption of actin by latrunculin A perturbed delivery of Cx43-E2HA to the surface ( Figure 5A , zoomed-in merged images are shown in bottom panels). Ratiometric quantification of surface expression with and without latrunculin A treatment is presented in Figure 5B . These studies support a role for actin in the anterograde transport of de novo Cx43 hemichannels to the plasma membrane.
Actin Structures Are Necessary for Cx43 Forward Trafficking and Gap Junction Plaque Formation
Having found that Cx43 vesicles colocalize and dynamically interact with actin filaments en route to the plasma membrane ( Figures 1, 2, 3) , and that filamentous actin is important for delivery of Cx43 to the plasma membrane ( Figure 5 ), we were interested in the role of actin in wild-type Cx43 gap junction plaque formation. To first test this in a cell line, we used lentiviral transduction to generate a HaCaT cell line stably expressing Cx43 and performed timed trafficking experiments using Brefeldin A as in Figure 5 .
As seen in the first two columns of Figure 6A , after 16 hours of exposure to Brefeldin A, treated cells no longer have Cx43 at cell-cell borders with the majority of Cx43 signal in a reticular pattern consistent with the ER. By 2 hours after Brefeldin A washout, Cx43 is enriched at the perinuclear Golgi apparatus ( Figure 6A , middle column). At this point, with an enrichment of Cx43 hemichannels in the Golgi apparatus awaiting transport to the membrane, the cells were treated with either latrunculin A to inhibit actin polymerization or DMSO as vehicle control. DMSO-treated cells developed rich deposits of de novo Cx43 gap junctions at cell-cell borders within the next 2 hours. Disruption of actin using lantrunculin A, however, was sufficient to prevent delivery of these de novo Cx43 channels to the plasma membrane ( Figure 6A , right columns). To quantify levels of Cx43 localization at cell-cell borders, 10-m lines were drawn perpendicular to, and bisecting, cell-cell borders. Averaged fluorescence intensity profiles of these lines are presented in Figure 6B . As seen in the last panel of Figure 6 , latrunculin A limits Cx43 delivery to cell-cell borders by 75%.
Comparable data were obtained in neonatal cardiomyocytes and are presented in Figure 7 . Inhibiting actin with latrunculin A results in 82% decrease of Cx43 at the cell-cell border of neonatal cardiomyocytes. Based on the HaCaT cells studies, as well as those in primary neonatal cardiomyocytes, it appears that actin dependence on Cx43 forward trafficking is generalizable to multiple cell types.
Ischemic Stress Disrupts Cx43/␤-Actin Interaction in Langendorff-Perfused Mouse Hearts
To investigate the potential pathophysiological role of actinbased Cx43 transport, we used Langendorff-perfused mouse hearts subjected to acute no-flow ischemia, latrunculin A, or both. Ischemic stress resulted in altered localization of Cx43 (green) as determined by immunofluorescence analysis with N-cadherin (red) as a marker of the intercalated disc. Latrunculin A treatment was sufficient to reduce Cx43 levels at the intercalated disc in a comparable manner to ischemia, but these values did not decrease further after ischemia combined with latrunculin A treatment ( Figure 8A, B ). Using a lowdetergent buffer to enrich cytoplasmic Cx43, we analyzed levels of Cx43 coprecipitating with ␤-actin, which is understood to be predominantly nonsarcomeric. 13 Total lysates revealed increases in these soluble Cx43 levels during ischemia in comparison to control lysates, consistent with our previous studies in human tissue. 9 Despite an enrichment in total Cx43 in these soluble fractions, ischemia, latrunculin A, and ischemic latrunculin A hearts all showed almost a complete lack of detectable complexing of Cx43 and ␤-actin, whereas control hearts displayed robust complexing ( Figure  8C, D) . These findings suggest actin is necessary for transport and maintenance of Cx43 at intercalated discs, and actin-Cx43 interaction is limited during ischemic stress, inhibiting Cx43 plaque size.
Discussion
The Cx43 life cycle consists of forward/anterograde trafficking, movements within the plasma membrane, and retrograde trafficking. 23, 24 It is well-established that Cx43 vesicles are transported from the TGN along microtubules to the plasma membrane. 7, 9, 25, 26 Furthermore, specific plus-end tracking proteins and membrane anchors allow microtubule-based directed delivery of channels to the intercalated disc. 7, 9 The actin cytoskeleton previously has been identified to be involved in melanosome movements, 27 and "actin barriers" have been described in impeding endocytosis. 28 There is increasing evidence for cooperation between the actin and microtubule cytoskeletal systems in active transport to vesicles to the plasma membrane 29 and, more recently, long-range vesicular transport solely along actin filaments to the plasma membrane has been demonstrated in mouse oocytes. 30 Interestingly, disruption of the actin cytoskeleton has been reported to affect Cx43 gap junction coupling in astrocytes 31 and the assembly and maintenance of connexin 30 gap junctions in HeLa cells. 32 In this study, we provide direct evidence that, in addition to microtubules, the actin cytoskeleton is a necessary component of the Cx43 forward trafficking machinery in cardiomyocytes.
One of the key findings in this study is that Cx43 vesicles pause, slow down, and generally exist in the cytoplasm for a substantial amount of time before plasma membrane delivery. A recent report by Fort et al 6 on connexin 32 transport in liver cells also reports vesicles pausing en route. It is not clear why Cx43 vesicle transport involves such a substantial time in the cytoplasm. A possibility is that Cx43 trafficking requires multiple microtubules to traffic from the TGN to the plasma membrane. Microtubules are highly dynamic structures whose plus-ends exist in a state of dynamic instability and last from seconds to minutes before undergoing catastrophe. 33, 7 Therefore, actin filaments could act as a transition point for Cx43 en route to the plasma membrane. Interestingly, a close relationship between actin transport machinery and the microtubule plus-end binding protein EB1 has been observed and proposed as a mechanism of transfer of vesicles between microtubules and actin. 29 The microtubule that carries the Cx43 vesicle from the TGN may not necessarily be the microtubule that effects the final delivery at the plasma membrane. There are several advantages for a staccato type of delivery event. First, premade Cx43 hemichannels can be stored near, but not in, the plasma membrane, providing a source of channels that could be quickly accessed and delivered to the membrane should the need arise, such as during an acute ischemic event. Second, membrane targeting need not occur on the initial microtubule that transports that Cx43 vesicle from the TGN. Cx43 vesicles could be positioned at actin-based intracellular reserves near the membrane, awaiting a microtubule with the appropriate plus-endtracking protein to provide the final delivery event.
Many unconventional myosins, such as myosin V, are now known to be involved in vesicular transport along actin and are distinct from those of the sarcomere. Myosin Va previ-ously has been implicated in tethering melanosomes near the cell periphery, 34 as well as in effecting actual transport along actin structures. 35 When associated with actin, the relatively slow Cx43 vesicle velocities reported here are consistent with myosin-based vesicular transport. 19 We therefore can speculate that Cx43 vesicles can be transferred from kinesin-based transport machinery on microtubules to unconventional myosins on actin filaments as they are trafficked through the cell interior. This would also account for the dramatic differences in velocity that occur within individual Cx43 vesicle trafficking paths. Identification of the motor proteins responsible for actin-based Cx43 trafficking in cardiomyocytes and how transfer to and from microtubules occurs will represent a key step in understanding how these processes are regulated.
We previously have described disruption of the microtubule Cx43 trafficking apparatus occurs in stressed mouse and human myocardium, whereby displacement of EB1 from microtubule plus-ends perturbs delivery of Cx43 to the plasma membrane. 9 Susceptibility of the actin cytoskeleton to cellular stresses such as ischemia is known to occur in many cell types, and activation of pathways leading to disruption of actin structures has been demonstrated in renal smooth muscle cells. 36 Although disruption of myofibrillar structures is well-described in stressed and failing hearts, [37] [38] [39] the Langendorff perfusion experiments in this study provide novel insight into the fate of nonsarcomeric actin during ischemic stress in cardiomyocytes. Abrogation of Cx43 complexing with ␤-actin structures during ischemia supports a necessary role for the actin cytoskeleton in gap junction formation. Consistent with our studies in isolated cardiomyocytes and cell lines, disruption of actin polymerization is sufficient to reduce Cx43 gap junction levels. It is worth noting that exposure of hearts to ischemia in addition to latrunculin A-mediated actin disruption did not lead to additive reductions in Cx43 remodeling, suggesting a common mechanism. In addition to a direct role in vesicular trafficking, it is possible that actin lays the scaffold by which microtubules are organized, laying the foundation for the path Cx43 vesicles take to the plasma membrane. 40, 41 Cardiomyocytes are highly structured, with different ion channels existing in distinct subdomains of the cardiomyocyte sarcolemma. 16, 42 Recently, explorations have begun to uncover the importance and mechanisms of trafficking in determining ion channel density on the cell surface. In an analysis of 34 K V 11.1 (hERG) mutations, Anderson et al 43 determined that most (82%) of these mutations led to defective trafficking rather than defective channel kinetics. In the atria, a deletion mutation in the Cx43 c-terminus has been identified that disrupts hemichannel trafficking and is associated with atrial fibrillation. 44 The adherens junction structure provides an anchor for EB1 and p150 GLUED working in concert to effect targeted microtubule-based delivery of gap junctions to intercalated discs in the ventricle 7 in a process that is disrupted under conditions of oxidative stress. 9 More aspects of the ion channel-targeting complexes are being uncovered, with the ankyrin family of scaffolding proteins now known to localize Na V 1.5 to intercalated discs and T-tubules (ankyrin-G) 45 and NCX and sodium-potassium ATPase to T-tubules (ankyrin-B). 46 Ankyrin-G may have multiple roles at the intercalated disc organizing gap junctions, desmosomes, and sodium channels. 47 We also recently determined that the L-type calcium channels can be directly delivered to T-tubule membrane by microtubules via the BIN1 membrane scaffolding protein acting as an anchor for calcium channel delivery much in the way adherens junctions anchor Cx43-based delivery. 8 Cx43 exists within the cytoplasm in many membranous compartments of the cardiomyocyte, from the ER through the Golgi, within individual transport vesicles, and, finally, endosomal and lysosomal structures. Another nonsarcolemmal population of cytoplasmic Cx43 has been identified within the mitochondrial membrane, and although this phenomenon appears closely linked to cell survival and stress pathways, the model of delivery of Cx43 to the mitochondrial membrane remains elusive. In the future it will be interesting to explore cytoskeleton-based trafficking of Cx43 to nonsarcolemmal membrane.
The findings that actin is involved in Cx43-based forward delivery and that this process is perturbed during ischemia introduce interesting complexity to the forward trafficking paradigm. Cx43, and presumably other ion channelcontaining vesicles, need not be restricted to a single microtubule for their membrane delivery event. It will be interesting to determine whether actin serves to maintain intermediate pools for reserves of channel or for allowing specific membrane targeting. We are finding that a complex interplay between different members of the cytoskeleton exists that regulates ion channel trafficking to the plasma membrane. Further understanding the role of actin in gap junction regulation increases opportunity for preservation or enhancement of channel density by manipulating cytoskeleton-based vesicular transport in cardiomyocytes.
